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Cytochrome c oxidase (CcO) is the terminal enzyme of the human
respiratory chain. It reduces the oxygen we breathe into water and
conserves the free energy of the reaction in the essential proton
gradient that drives ATP synthesis by the ATP synthase. The oxygen
chemistry reaction of CcO is fairly well understood but the way it
is coupled to the energy-requiring proton transfers remains to be
elucidated [1]. Two hydrophilic pathways have been identiﬁed from
the available crystal structures as potential routes for pumped pro-
tons, namely the D- and the H-pathway. Mutagenesis studies on
chimeric mammalian forms of the enzyme have suggested that the H-
pathway is the pathway for pumped protons in bovine mitochondrial
CcO whereas mutagenesis studies of bacterial CcOs indicate that only
the D pathway fulﬁls this role. We have developed yeast Saccharomy-
ces cerevisiae as a model system to investigate the pumping mecha-
nism of an additional mitochondrial CcO. As both its nuclear and
mitochondrial genomes are amenable by mutagenesis, mutations can
be made in any part of the CcO structure to assess its function [2].
Mutations in both the D- and the H-pathway of the yeast enzyme lead
to respiratory growth deﬁciency [3]. We will present H+/e ratio
measurements based on ADP/O ratios of intact, coupled mitochondria
prepared from a series of mutants of the D- and the H-pathway. The
results will be discussed in terms of pumping mechanism and of
function of hydrophilic channels in all forms of oxidases.
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Terminal oxidases couple the reduction of oxygen to the transloca-
tion of protons across themembrane. This proton translocation is driven
by electron transfer to the catalytic site which is a binuclear center
composed of a heme and a copper center. As the properties of enzymes
can vary depending on the environment where they grow, organisms
can express different types of terminal oxidases which can exhibit
different pH dependence as well as different thermostability [1]. This
family of proteins can also be divided into three subfamilies named A, B
and C depending on their ﬁrst electron acceptor, their number of proton
pathways or their relative oxygen afﬁnity [2]. Protein ﬁlm voltammetry
is a powerful technique to study electrochemical and catalytic properties
of redox enzymes [3]. However, it is difﬁcult to immobilize a large
amount ofmembrane proteins on anelectrode surface. To overcome this
problem, we proposed to use a three-dimensional gold nanoparticle
network that is known to mediate the long-range electron transfer
between the cofactors and the electrode [4]. We report here on the
temperature- and pH- dependent electrocatalytic properties of different
types of terminal oxidases. Complementary studies by infrared spectros-
copy allow us to discuss about the differences observed in the secondary
structures at different temperatures and to link them to the previously
observed electrocatalytic properties. Clear differences can be observed
between the different subfamilies of oxidases.
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Capturing sunlight and converting it to chemical energy is a central
process in nature. The complexity and the number of proteins taking
Abstractse100
part in this process vary strongly depending on the organism. Examples
of such proteins are light harvesting complexes such as LH2 and LH1,
which are part of purple bacterial photosynthetic membranes, or
bacteriorhodopsin, a membrane protein which uses sunlight directly to
generate a proton gradient. To fully understand the underlying mecha-
nism of these proteins, the analysis and simulation of the exciton
transfer aswell as the proton and electron transfer processes are crucial.
We present here the application of a Dynamic Monte-Carlo (DMC)
algorithm [1] to simulate this kind of transfer kinetics [2]. At each time
step the analyzed system is represented by amicrostate description [3].
Depending on the kind of reaction, transition rates between these states
are taken either from the literature or are calculated based on con-
tinuum electrostatics and Marcus theory. To test the reliability of our
method energy transfer in arrays of light harvesting antenna complexes
(LH2 [4,5]), transfer kinetics in LH1-RC complexes and proton transfer
in bacteriorhodopsin were investigated.
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Cytochrome c oxidase is a well-known terminal enzyme complex of
mitochondrial respiratory chain. It provides electron transport between
several redox-centers which belongs to protein subunits from reduced
cytochrome C to oxygen. At the same time the protein implements
transmembrane proton pumping. This property makes one possible to
consider cytochrome c oxidase as a primary electro-chemical potential
generator and supply energy needs for ATP synthesis. The catalytic cycle
of cytochrome c oxidase can be represented in terms of consecutive
transition between distinct states with an increasing number of
electrons transferred to the catalytic site (haem a3-CuB). This process
is usually described in terms of kinetic constants and it is tempting to
model cytochrome c oxidase turnover in common enzyme-kinetic
approach. However, the whole set of measured kinetic parameters
of the cycle is unavailable whereas some local processes and protein
structure have been deﬁned in details. At the present study we intro-
duce a novel computer simulator of cytochrome oxidase activity. This
digital mimic is based on algorithmic programming of electron and
proton transfer between the ﬁxed centers. Thus the enzyme activity is
modeled for a single protein explicitly. The simulator makes it possible
to evaluate the ratio between pumped protons and transfers electrons
and it is varied from 0.45 to 0.85 under different external parameters.
The advantage of the introduced approach is a possibility to extend and
modify the processes within the enzyme according to new evidences of
the protein structure.
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Sulﬁde (H2S) forms reversible low spin complexes with ferric
myoglobin and hemoglobin and is also a potent inhibitor of cyto-
chrome c oxidase. Some hemoglobins from high sulﬁde environ-
ment organisms are also sulﬁde reducible, as is the mammalian
oxidase when in its oxidized ‘pulsed’ state. In the presence of oxygen
the resulting oxidase mixed valence (partially reduced) species then
generates a higher oxidation state, compound ‘P’, and concurrently
oxidizes H2S to sulfane/persulﬁde species. Classical studies of eu-
karyotic catalase and plant peroxidases indicated that H2S inhibits
these enzymes both by reversible binding to the ground (ferric) state
and by quasi-irreversible reactions with ferryl states which form
covalent ‘sulf’ derivatives. But, unlike its behavior with metmyoglobin
and cytochrome c oxidase, H2S does not form low spin complexes
with the ferric haems of the hydroperoxidases at room temperature.
Instead a more remote iron-ligand binding occurs, creating high spin
complexes (as determined by UV–visible spectrophotometry) similar
to those formed by reaction with some carboxylic acid anions (acetate
and formate). In contrast EPR analysis at 10 K does show the presence
of multiple low spin species in the plant (horse radish) peroxidase
sulﬁde complex and a mixture of high and low spin forms in sulﬁde-
treated catalase. This variability in ligation chemistry may inﬂuence
the balance between reversible heme (Fe) binding and heme reduc-
tion by sulﬁde and hence modulate its proposed gasotransmitter
physiological functioning. A model and rationale for these complex
reaction sequences will be presented. This research was supported by
a Leverhulme Trust grant to CEC.
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Cytochrome c oxidases (CCOX) are members of the heme–copper
oxidase superfamily and they are the terminal enzymes of the respiratory
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